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The influence of nanostructuring on the photoelectrochemical (PEC) properties of GaN is investigated. GaN nanopillar arrays are
fabricated by inductively-coupled-plasma dry etching of a GaN epitaxial layer, using a self-assembled Ni cluster mask. Pillars of
0.4–1.6 μm in height were prepared and were investigated photoelectrochemically. After nanoroughening, the surface area increases
up to 6 times and the plateau photocurrent increases by 84% with respect to planar GaN. The pillar structure provides abundant
depletion area and therefore enhances the photocarrier separation. Surface recombination becomes more important after the dry
etching process, as confirmed by the PEC and photoluminescence measurements.
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Photoelectrolysis of water for hydrogen generation is a clean, re-
newable approach for sustainable energy provision. PEC and pho-
tocatalytic properties of many semiconductors have been investi-
gated extensively.1,2 GaN is one of the few semiconductor materials
which can perform the photoelectrolysis without external energy in-
put. Recently, the PEC properties of GaN have been systematically
investigated.3–14 Over 40% of incident photons to current efficiency
(IPCE) is reported for GaN under supra-bandgap illumination.4 The
surface roughening is found to be influential on the photoactivity
of GaN. Different nanostructure architectures such as nanopillars,6,7
nanowires8 and pyramid stripes9 have been constructed at the GaN sur-
face. These GaN nanostructures are commonly synthesized by molec-
ular beam epitaxy (MBE) or are grown selectively on a patterned
template. Surface nanostructuring can be alternatively achieved by
etching technologies, which can be more advantageous in morphology
control over the bottom-up strategies. Nevertheless, the PEC property
of the GaN nanostructures prepared by etching techniques are not well
investigated to this date.10–12 Benton et al. have recently demonstrated
that the photoactivity of GaN can be extraordinarily enhanced after
the surface roughening into a nanorod array by dry etching.12 How-
ever, the structure applied in their work includes a p-n junction and
InGaN multi-quantum wells, which complicates the PEC analysis.13,14
In order to focus on the discussion of the PEC property changes after
the surface roughening, we select bare GaN for the pillar fabrication.
The GaN nanopillars are fabricated by dry etching of a GaN epilayer,
using self-assembled Ni clusters as a mask.15 The resulting effective
surface area increases up to a factor of 6 and the photocurrent is en-
hanced by 84% with respect to a planar GaN electrode. In this work,
the impact of the surface roughening and surface damages on the PEC
and photoluminescence (PL) properties are discussed.
Experimental
A GaN (0001) layer is epitaxially grown on a Si substrate by metal
organic chemical vapor deposition (MOCVD).16 For high-n-type GaN
samples, the top 2.5 μm of the n-GaN layer is Si doped with an electron
concentration of 5 × 1018 cm−3. For unintentionally-doped (UID) GaN
samples, the electron concentration is 5 × 1016 cm−3, obtained by Hall
effect measurements. Field-emission scanning electron microscopy
(Nova NanoSEM) was used to assess the surface morphology. The
PEC measurements were performed using a quartz cell with high-
n-GaN samples as the working electrode (WE), a Pt mesh as the
counter electrode (CE) and a Ag/AgCl/3 M KCl electrode as the
reference (0.225 V vs. the standard hydrogen electrode). An aqueous
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electrolyte solution of 0.1 M HBr and 0.2 M Na2SO4 (pH = 1.4) was
used where Br− acting as a hole scavenger to avoid photo-etching
of GaN during the photoelectrolysis. A 150 W Xe lamp (LSB521,
L.O.T.-oriel) was used as the light source for the PEC measurements.
In order to guarantee a kinetically controlled surface reaction, a low
supra-bandgap photon flux is controlled during the PEC measurements
by using an air mass 1.5 filter (LSZ289, L.O.T.-oriel) to filter out 97%
of UV light. The light intensity of the integrated radiance spectrum
illuminated at the sample surface was 63 mW/cm2. Room-temperature
PL measurements were performed on an UID GaN epilayer and pillars.
A 10 mW He-Cd laser (325 nm) was used as the light source.
Results and Discussion
Fig. 1 illustrates the fabrication process of the GaN nanopillars by
inductively coupled plasma (ICP) dry etching (Plasma Lab 100, Ox-
ford) using a self-assembled Ni cluster mask. After the GaN epitaxy,
a 250 nm SiO2 layer and a 15 nm Ni film were deposited on GaN. The
samples were subsequently annealed at 850◦C in N2 environment for
90 seconds to transform the Ni film into nanoclusters. The Ni cluster
pattern was subsequently transferred to the SiO2 layer using a SF6-
based ICP dry etching. Then, a Cl2-based ICP dry etching was used
to etch the GaN layer with an etching rate of 400 nm/min. Finally, the
Ni clusters and remaining SiO2 were removed by HNO3 (7%) solu-
tion and BHF, respectively, resulting in GaN nanopillars. In this work,
pillars of 0.4–1.6 μm in height were prepared for the PEC study.
Fig. 2a shows the surface of the pristine GaN epilayer with an ex-
treme flat surface (rms = 1.4 nm for 10 × 10 μm2, assessed by AFM).
Figure 1. (color online) Schematic fabrication process of GaN nanopillars by
dry etching of a planar GaN using a self-assembled Ni cluster mask. Step1:
SiO2 layer and Ni film deposition, Step 2: Ni clusters by agglomeration anneal,
Step 3: nanopillars by dry etching of SiO2 and GaN, and Step 4: wet etching
of the Ni and SiO2.
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Figure 2. SEM images of a GaN pillar array. (a) the planar GaN epilayer be-
fore the surface roughening (rms = 1.4 nm for 10 × 10 μm2). The morphology
of 1.6 μm-high pillars imaged at different angles: (b) top view, (c) 85◦ and
(d) 45◦. (e) The dependence of pillar height (H) and surface area enhancement
(AE): AE = 1 + 3.5 × H .
Fig. 2b-2d show the SEM images of the 1.6 μm GaN pillars recorded
at different magnifications and angles. The pillars are homogenously
distributed with an average density of 3.0 ± 0.4 × 108 cm−2, obtained
from a manual counting from several top-view SEM images whose
areal size are > 21 × 22 μm2. The surface area enhancement (AE) of
the pillars, estimated from the SEM images, increases linearly with
the pillar height (H in μm), plotted in Fig. 2e; Its relationship can be
fitted by the equation: AE = S A(H )/S A(0) = 1 + 3.5 × H , where
SA(H) and SA(0) are the surface area of the pillars and epilayer. The
surface area increases up to 6 times for the 1.6 μm pillars.
Fig. 3a shows the current density as function of the applied
potential (U) for the n-GaN before and after the nanostructuring.
In the dark, no anodic current was observed for all GaN samples
(<50 nAcm2), while the cathodic current was observed due to the
reduction of protons by conduction band electrons:
2H+ + 2e− → H2 [1]
Under illumination, electron-hole pairs are generated, which con-
tribute to the photocurrent. The photocurrent onset potential (Uonset:
j > 4 μA/cm2) and the open circuit voltage (Uocp) of the planar
n-GaN are at −0.30 V and −0.45 V, respectively. At moderate de-
pletion (−0.30–0.00 V), the photogenerated electrons and holes are
partly separated by the electric field, while carrier recombination
is still dominant. Moreover, additional kinetic overpotential is re-
quired at the solution/GaN interface to drive the Br− oxidation. At
U > 0.00 V, the electric field is sufficiently strong to separate the
electron-hole pairs before carrier recombination occurs, and the pho-
tocurrent reaches its plateau value. The plateau photocurrent is in-
dependent of the Br− concentration and agitation of solution, but is
dependent of the light intensity. Hence, the electrochemical oxidation
of Br− at the GaN surface is a pure kinetically controlled reaction
limited by photon flux incident on the surface. Photocurrent mul-
Figure 3. (color online) (a) Current density vs. potential for n-GaN anodes
before and after surface roughening. The black curve () is the dark current of
the planar GaN, and the other curves are measured under illumination; Scan
rate: 100 mV/s. (b) Photocurrent–time plot of n-GaN pillars; U = +0.5 V. The
plateau photocurrent of the 1.2 and 1.6 μm high pillars is increased by 47%
and 84% with respect to the planar GaN, respectively. Aqueous electrolyte
solution: 0.1 M HBr + 0.2 M Na2SO4 (pH = 1.4).
tiplication was not observed in our PEC measurements: The GaN
photoanode generates the same photocurrent in the Br−- and Cl−-
containing solutions. The oxidation of Br− is therefore a pure valence
band hole capture process. The photogenerated holes are driven to
the GaN surface where they oxidize the Br− to Br2 which complexes
further to Br3− by the excess of Br- ions. (Eqns. 2 and 3).
2Br− + 2h+ → Br2 [2]
Br2 + Br− → Br−3 [3]
All pillar samples show a similar Uonset (∼−0.32 V) and Uocp
(∼−0.38 V). The plateau photocurrent for the pillar samples is reached
at higher potentials (U > 0.25 V) than for planar GaN: the larger
U = U-Uonset, (∼0.6 V) required to reach the plateau current as
compared to the planar GaN (∼0.3 V) implies the carrier recombi-
nation is enhanced in the pillar structure. As a consequence, a larger
electric field is needed to separate the electron-hole pairs before carrier
recombination occurs. To investigate the stability of the photocurrent
for different pillar samples, the current density was measured for
10 minutes at 0.5 V, shown in Fig. 3b. The photocurrent is stable
for all pillar heights confirming the effectivity of bromide as the hole
scavenger. The plateau photocurrent of the 1.2 and 1.6 μm high pil-
lars is increased by 47% and 84% with respect to the planar GaN,
respectively.
Oxidation reaction, Eqn. 2, entails intermediate reaction steps
where intermediate atomic bromine is adsorbed before it is associ-
ated in Br2 and Br3− molecules.17 Chemical reactive surface sites
can assist in the formation of intermediate species, leading to faster
reaction kinetics. Dangling bonds at the GaN surface can act as chem-
ical reactive sites which assist the carrier transfer at the GaN/solution
interface.18 The surface edges and steps at wet-chemically rough-
ened GaN nanostructures show an enhanced photoactivity.10 However,
when the potential is biased at the photocurrent plateau, see Fig. 3b, all
photogenerated carriers are efficiently separated and participate in the
electrochemical oxidation of the reactants in the solution. Although
the kinetics of the oxidation reaction may be enhanced locally at some
particular sites, the overall oxidation kinetics is limited by the quantity
of photogenerated holes at the surface. Hence, the main contribution to
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Figure 4. (color online) Schematics of the depletion region (black), diffusion
region (orange) and GaN bulk (purple) in the planar and pillar structures. At
the photocurrent plateau (UGaN-RE = 0.5 V), the depletion width is calculated
to be only 16 nm. The diffusion length of minority carrier is 200–250 nm with
majority of photons absorbed within 100 nm (α = 105 cm−1) from the surface
The abundant depletion area and surrounded diffusion region in the pillar struc-
ture facilitate photocarrier separation and migration to the electrode/electrolyte
interface.
the photocurrent enhancement has to be found by an improved carrier
separation in the pillar structure. Figure 4 shows a schematic illus-
tration of the space charge regions in the planar and pillar GaN. The
flatband voltage of the n-GaN epilayer is −0.82 V, as determined by
the impedance measurement. At the photocurrent plateau (U = 0.5 V),
the depletion width is calculated to be only 16 nm in our highly n-
doped GaN layer. Under illumination, the UV light is mostly absorbed
within the first 100 nm from the surface due to the high absorption
coefficient of GaN (α = 105 cm−1).19 The photocarriers generated in
the charge-neutral area can reach the depletion region considering the
diffusion length of the minority carriers (200–250 nm).20 However,
carrier recombination in the charge-neutral region is inevitable. Due to
the surface enhancement, the pillar structure provides a much larger
volume of space charge region as compared to the planar GaN. In
addition, the charge-neutral region of the pillars is surrounded by the
depletion region and the radius of the pillars (250–450 nm) is compa-
rable to the minority carrier diffusion length. Consequently, the photo-
generated carriers have a higher probability of reaching the depletion
region before carrier recombination occurs. Hence, the quantity of
photo holes at the surface is larger and thus the photo-limited current
is higher than for the planar GaN.
Room-temperature PL measurements are used to characterize the
optical properties of the GaN pillars. An UID GaN sample was se-
lected for the measurement to manifest the role of surface damages.
Fig. 5a shows the PL spectra of the GaN pillars at the near-bandedge
(NBE) transition. The luminescence properties of GaN are discussed
in detail in Ref. 21. The NBE PL intensity of the 0.4 μm pillars drops
significantly compared to untreated GaN. Due to the difference of
the refractive index of GaN (nGaN = 2.3) and air (nair = 1), the criti-
cal angle of total internal reflection is small at the air/GaN interface
(23◦). The abundant interface provided by the pillar array improves
the light extraction at the surface.15 Therefore, the PL intensity re-
covers and increases with increasing pillar height. In order to exclude
the effect of the light extraction, a blanket etch was performed on the
UID planar GaN (no pillar structure is formed) and the PL measure-
Figure 5. (color online) Room-temperature PL (PL) spectra of (a) a planar
UID GaN (n = 5 × 1016 cm−3) and pillars and (b) blanket-etched GaN. Pro-
moted surface recombination after dry etching lower the PL intensity. Improved
light extraction in the pillar array leads to a higher PL intensity.
ments are shown in Fig. 5b. After the blanket etch, the PL intensity
drops by approximately 50% and is not recovered by longer etching
times. During the dry etching process, plasma ions are provided with
sufficient momentum for surface removal. The ion bombardment dam-
ages the surface, leaving the surface with abundant surface states.22,23
These surface states serve as efficient recombination centers and dras-
tically enhance the surface recombination velocity; the PL intensity
decreases. The minimization of the surface damage is therefore impor-
tant for the PEC and optical properties of the GaN pillars fabricated
by the dry etching technology. The further photoactivity improvement
to the as-fabricated pillars after post treatments will be published soon
as a continuity of this work.
In conclusion, the surface roughening improves the photoactivity
of the electrodes by providing more depletion region and therefore
enhancing the photocarrier separation. To demonstrate this idea, GaN
photoanodes, before and after the surface roughening, have been elec-
trochemically compared. The GaN nanopillars of 0.4–1.6 μm in height
were fabricated by dry etching of a GaN epitaxial layer using a Ni
cluster mask. For the 1.6 μm pillars, the surface area increases by
6 times and the photocurrent plateau increases by 84% more than the
planar GaN. However, the dry etching process introduces the surface
damage, which facilitates the surface recombination in the pillar sam-
ples. The impact of these surface defects has been investigated by the
PEC and PL measurements.
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